A water-soluble copolymer of maleic acid (MA) and sodium methallyl disulfonate (SMADS) were synthesized by aqueous solution free radical polymerization and evaluated as scale inhibitor for barium sulfate. The copolymer was characterized by FTIR, HNMR, GPC and HPLC results verified the structure of MA-SMADS copolymer and molecular weight was about 1050 g/mol. The experimental results indicates that the optimal conditions for copolymer synthesis are 105 °C, monomer dosage 30% (wt) and sodium persulfate (NaPS) dosage 7%. The inhibition performance of polymer on barium sulfate was evaluated through static bottle test and the static inhibition rate on barium sulfate can reach up to 98%. Consequently, the evaluation criteria was carried out by dynamic scale loop test.
Introduction
Oil exploration industries are currently facing the issue of scales of barium sulfate and other sulfates which form a strong layer on the inner surface of equipment, pipelines and systems. This particular issue may severely affect the optimum working of equipment and sometimes enduce breakdown. These scales are due to the precipitation and accumulation and cause severe blockage to the pipelines further declining oil recovery. This results in serious impact on oil field exploitation and economic gains.
The scale deposition in the oil field is mainly of calcium carbonate, calcium sulfate, barium sulfate, strontium sulfate, iron, silica and other insoluble sediments (Senthilmurugan et al. 2011; Dickinson et al. 2012) . Due to the insolubility in acids and very less solubility in water these scales are considered to be the toughest scales to handle. Adding a scale inhibitor is considered to be the economical and simple yet effective solution to prevent scaling (Dickson et al. 2011) . Various polymer scale inhibitors with good scale inhibition performance have been reported in the literature, of which, maleic polymers are widely used as inhibitor like carboxylic acid product homopolymerized or copolymerized with acrylic acid, maleic acid and other unsaturated carboxylic acids and sulfonates (Yue Qiansheng et al. 1999; Senthilmurugan et al. 2010) . The high content of carboxylic acid provides the chelating nature and dispersing performance to the polymer, it can chelate with the scaling cations through the activated carboxylic in the molecular chains, thus inhibiting crystal nucleation and causing lattice deformation. It also forms a layer on the pipelines or walls of container, thus ensuring the long-term effect of these inhibitors (Lihui et al. 2004; Lijuan et al. 2015) . These inhibitors work at very low dosages (substoichiometric or threshold levels) resulting to minimum sludge formation (Jensen et al. 2012) . Also, the experimental findings show that the multi carboxyl polymers are considered poor in solubility and low in Ca +2 tolerance 1 3
in medium with high minerals in it, whereas the sulfonicbased polymers having high-temperature tolerance and salt resistance can be used as a good inhibitor in this application (Yong et al. 2014) . In this research, our main aim was to synthesize and characterize new water-soluble copolymer (MA-SMADS) that can be used as a barium sulfate scale inhibitor and to study the effects of temperature and NaCl concentration on inhibition performance also, the influence caused by synthesized copolymer on the barium sulfate crystal structure were investigated. Finally, the scale inhibition performance of MA-SMADS copolymer was evaluated and compared with existing commercial dispersants through dynamic scale loop test.
Experimental work

Materials
Maleic anhydride (MA), sodium methallyl disulfonate (SMADS), sodium persulfate (NaPS) and sodium hydroxide (NaOH) were of commercial grades. All reagent chemicals used for solution preparation were of analytical grades, and DI water was used throughout the experiments.
Synthesis of MA-SMADS copolymer
The MA-SMADS copolymer was synthesized through aqueous solution free radical polymerization using sodium persulfate as an initiator. 69.3 g of maleic anhydride was added into 515 g of DI water, heated to 55 °C and dissolved, then 194 g of SMADS was added into the above solution. Then the total solution was transferred into a five-neck 1.5 kg glass reactor prior to setting the stirrer in motion. Then the solution is heated to 105 °C (Chen et al. U1991) . Sodium persulfate aqueous solution (19.1 g of NaPS dissolved in 96.9 g of DI water) was added drop wise into the reaction mixture, total reaction time was 180 min, after reaction completion, the material was aged at the same temperature for 30 min then the pH was adjusted to 7.0 with 113 g of sodium hydroxide solution after cooling to 60 °C (Jensen et al. 2012) (Fig. 1) .
Characterization of copolymer
The polymer was purified through precipitation using methanol and dried with rotary vacuum evaporator (0.04 bar at 100 °C for 8 h) for characterization. The copolymer structure was confirmed by FTIR (Spectrum-100 PerkinElmer USA KBR pellets region of 400-4000 cm −2 ) and 1 HNMR (AVANCE III HD 400 MHz with sample case 24 auto sampler). The molecular weight and residual monomer of polymer was done with GPC (Waters USA: E-2695 with RI detector), HPLC (Waters USA) and SEM (ZEISS-GEMINISEM), X-ray diffraction (XRD, CAD-SDPMH) used to check the copolymer effect on crystal morphology.
Static bottle test
The copolymer ability to inhibit barium sulfate scale inhibition was investigated and compared through a series of static bottle test following NACE Standard TM0197-2010 and Chinese Petroleum Industry Standard SY/T 5673-1993 test method. The brine solution for evaluation of scale inhibition performance of polymer was prepared. In the first step, a particular quantity of scale inhibitor was weighed in an Erlenmeyer flask; in the second step, 50 mL of cation solution was added and shaken for better mixing of solutions; and in the third step, 50 mL of anion solution was added to the mixture and shaken well. Then the flask was closed with a rubber cork and sealed with plastic sellotape. Finally, Erlenmeyer flasks were kept in oven for 24 h at constant temperature (Luo et al. 2015) . Inhibitor efficiency was determined based on residual Ba +2 ions in solutions at different dosage along with the blank. Tests above 100 °C were carried out inside an autoclave, barium and sulfate concentrations are shown in the Table 1 (Liu et al. 2012) .
Inhibitor efficiency was calculated based on residual Ba where m 0 is the mass concentration of Ba +2 ions without inhibitor, m 1 is the mass concentration of Ba +2 ions in solution without anion addition in the third step, m 2 is the mass concentration of Ba +2 ions after inhibitor functions.
Dynamic scale loop test (tube blocking test)
A Dynamic scale loop test was employed to examine the precipitation and deposition of scale and other salt crystals in pipe work system like water or oil pipelines and reservoir conditions. The equipment determines the efficiency of scale inhibitor against inorganic scale minerals formed through minimum inhibitor concentration (MIC). Hence MIC is essential to perform any comparative analysis of various scale inhibitors. This test is used to determine the MIC under dynamic reservoir conditions as an industrial standard. The inhibitor efficiency can be calculated as the ratio between the time needed for tube blocking in the presence of inhibitor divided by the time needed for blocking in absence of inhibitor. The tests were performed with equal amount of cation and anionic brines at 90 °C, 1740 psi and both solutions were filtered before pumping separately through SS coils at 1 mL/min each (Ei-Sayed et al. 2016 ).
Effect on inhibition performance of inhibitor
Concentration of NaCl
Produced water in oilfields always has high salinity feature. In most cases, sodium chloride accounts for more than 90% among sodium chloride, potassium chloride and magnesium chloride salts. It is known that salts have an impact on scaling tendency by affecting the ionic strength of oilfield produced water. Hence, this ionic strength also influences the inhibitor's performance. The polymer inhibition rate was studied at different sodium chloride concentrations, i.e., at 2.5, 5.0, 7.5, 10, 12.5, 15.0, 30, 60 g/L (Luo et al. 2015; Jiang et al. 1996) .
Temperature
Scale formation is temperature dependent, this is the case also for the inhibitor. In general, inhibitor performance degrades at high temperatures. Thus, the inhibitor efficiency was also studied at 80-120 °C in this work (Dyer and Graham 2002) .
Scale inhibition mechanism
Scale inhibition was studied through complexing effect, crystal modification and dispersing effect. Barium sulfate deposition was obtained with and without inhibitor dosages; it was collected and dried carefully for characterization. The SEM was used to observe the surface morphology of scale crystal and X-ray diffraction was used to study the crystal structure of the scale (Shen et al. 2012) .
Results and discussion
Structural characterization of copolymer
The structure of MA-SMADS copolymer was confirmed through FTIR and 1 HNMR spectra's. The FTIR spectrum shows the following absorption bands: 2933 cm −1 (Methylene stretching and vibration peak), 1718.39 cm −1 (Absorption peak at 1718.39 cm −1 is attributed to stretching vibration of carboxyls), 1174 and 1041 cm −1 (both peaks belong to sulfonic acid group), 623.47 cm −1 (stretching and vibration of sulfur oxide appears), 1 HNMR spectra-2.6-2.2 ppm attributed -CH (MA), CH 2 in alpha of SO 3 H is often around 2.5-3.0 ppm, CH 2 is around 1.0 ppm of polymer backbone. All these data confirms the expected structure of the copolymer (Figs. 2, 3 ).
GPC
In GPC plot Fig. 4 MA-SMADS copolymer exhibited a very narrow molecular weight distribution, less than 10.5 × 10 2 . Low molecular weight & polydispersity is a vital parameter for efficient scale inhibition which is achieved through uniform reaction rate. This optimum molecular weight & polydispersity allows for higher rate of inhibition efficiency.
HPLC
High-performance liquid chromatography was used to determine residual monomer levels in final MA-SMADS copolymer, residual maleic acid-7.3 ppm at 7.25 min and SMADS-15 ppm at 16.9 min. The analysis below confirmed that the monomers were totally polymerized (Fig. 5) .
Evaluation of barium scale inhibition performance (static bottle test)
The effect of MA-SMADS copolymer dosage on BaSO 4 inhibition performance at 70 °C is presented in Fig. 6 . The scale inhibition rate increases with increase in inhibitor dosage, when the dosage reaches to critical value (30 ppm or 30 mg/L), the inhibition rate is 98%. After the increase in inhibitor dosage, the scale inhibition rate does not increase significantly: Hence, 30 mg/L is the threshold value of copolymer (Guo et al. 2012 ).
Effect on inhibition performance of copolymer
Concentration of NaCl Figure 7 shows the copolymer inhibition efficiency function of sodium chloride concentration. Inhibition efficiency is increases with sodium chloride concentration. At 2.5 g/L NaCl concentration the scale inhibitor exhibits poor inhibition performance for barium sulfate scales. At salt content of 7.5 g/L or more, the rate of scale inhibition is observed to be more than 90%. It is seen that barium sulfate scale inhibition efficiency is better at the higher concentration of NaCl, i.e., concentration higher than 7.5 g/L or more is suitable for scale inhibition (Luo et al. 2015; Gallardo et al. 2000) . Figure 8 shows the test results of inhibition efficiency at temperature 70-120 °C, at higher temperature of 90 °C minimum inhibitor dosages increases. However, 30 ppm is found to be maximum requirement of inhibitor dosage for 98% scale inhibition through the test temperature. At a high temperature of 120 °C, MA-SMADS copolymer exhibited 98% inhibition at 70 ppm dosage is shown in Table 2 . The nature of flocculation behavior of copolymers reduces the scale inhibition efficiency (Shakkthivel and Vasudevan 2007) (Table 3) . 
Scale inhibition mechanism
The BaSO 4 crystallization process is relatively complicated. It is challenging to study interaction between the inhibitor and forming nuclei. However, it is noticeable that complexing effect, crystal modification and dispersing effect all depend on the adsorption of the anionic-charged inhibitor on the surface of developing nuclei and on the positively charged growth sites of growing crystals.
Threshold inhibition
The term threshold inhibition can be elucidated as the adsorption of antiscalant on the crystal growth during the crystallization process. The adsorption on these ion clusters creates an unbalance and they redissolve rather than grow into visible size. This process can either prevent crystal growth or delay it for a period of time. Scale inhibition of threshold inhibitor depends on kinetic but not on thermodynamic effects. Hence, threshold inhibition is basically the capability of an inhibitor to lengthen induction time, between the process of supersaturated state and detection of first crystals.
Complexing effect
Maleic acid-sodium methallyl disulfonate copolymer molecular chains contain functional group of carboxyl and sulfonic acid that can form stable chelates with Ba +2, thus decreasing the concentration of Ba +2 in the solution and significantly reducing the probability of collision between Ba +2 and SO 4 −2 . Hence, BaSO 4 crystals or precipitates are not likely to form, thus prevents scaling.
Effect of MA-SMADS copolymer on the crystal modification of BaSO 4 or lattice effect on BaSO 4
Characterization of scale crystals were carried out by SEM and XRD to understand the scale inhibition mechanism. From Fig. 9 , we observe that during the growth process of BaSO 4 crystal nucleus which leads to formation of BaSO 4 scales, MA-SMADS copolymer either adheres to the surface of crystal particles or penetrates into crystals, thus weakening its crystallizing power by complexing with scaling ions and hence the lattice of BaSO 4 crystal deforms and can be broken easily (Senthilmurugan et al. 2010; Shen et al. 2012) . Figure 9 presents the BaSO 4 images with and without treatment of inhibitor MA-SMADS copolymer, as shown in Fig. 9 , absence of inhibitor on BaSO 4 crystals are dense flake like crystals, tightly arranged with large blocked structure. But there is a significant change in the structure of BaSO 4 crystals after undergoing the inhibitor treatment, the corners and edges are flattened and edges are in shape of an arc. Crystals are arranged in an unsystematic, irregular manner and fractured into smaller particles. This specifies that MA-SMADS copolymers have reacted with BaSO 4 crystals, the solubility symmetry increases, suspending the BaSO 4 scales disintegrating into tiny particles. MA-SMADS molecules have also attached to the surface of the barium sulfate tiny particles which prevents the precipitation and scale formation (Mavredaki et al. 2011) . Figure 10 shows the XRD spectrum of BaSO 4 scales with and without treatment with MA-SMADS copolymer and the characteristic peaks of treated BaSO 4 scales are weakened with emergence of other impurity peaks, this indicates that after reacting with BaSO 4 particles, MA-SMADS copolymer has caused change in crystal form, 
Dispersion effect
MA-SMADS deionize the negatively charged ions from sodium hydroxide solution, which was added during the neutralization, easily penetrates and adsorbs on the BaSO 4 particles. This results in the repulsion between BaSO 4 particles due to negative charge on the particle surface and hence BaSO 4 particles effectively disperse in water solution forming a charged particle diffusion layer. The positive-charged particles in turn settle on the outer layer and an electric double layer is formed as shown in Fig. 11 . From Fig. 11 , the anionic polymer MA-SMADS is adsorbed to the crystal particles of BaSO 4 scale so that the crystal particles carrying anionic charges, causing increased contact between the complexing agent, inhibiting agent and the scale surface which enhances the dissolution performance. Simultaneously, copolymer of MA-SMADS envelop BaSO 4 micro particles that have already dispersed so that BaSO 4 crystal particles are stably dispersed, preventing aggregation, precipitation of BaSO 4 crystal particles which results in formation of compact solid scale layer. This indicates that MA-SMADS can both disperse and loosen the scale, showing good scale control performance.
Performance comparison with other industrial scale inhibitors: Flosperse MAS and Flosperse 3000SM
Flosperse MAS has an excellent inhibition effect on both barium and strontium scales, which can not be controlled with existing scale inhibitors in the market. It is widely employed as a scale inhibiting dispersant for oilfield water injection system and industrially circulating cooling towers. Flosperse 3000SM is an acrylic/sulfonate-based copolymer used in oil field injection systems and industrial circulating cooling as a scale inhibiting dispersant. DSL equipment was used to evaluate and compare the performance of these three scale inhibitors in dynamic conditions.
The average blank time was determined to be approximately 5 min so, the scale inhibitor must prevent deposition (determined to be a rise in ΔP of 1 psi) of scale for a period of 15 min according to evaluation criteria (Fig. 12) .
Inhibitor evaluation was done in two stages, in the first stage each inhibitor is kept at a dosage of 100 ppm if no tube blocking is observed during 15 min then the dosage is decreased to 75 ppm if the tube is blocked at 75 ppm, i.e., the MIC of the inhibitor is between 100 and 75 ppm the same process is continued for the three inhibitors until the MIC range of the inhibitors are determined. For Flosperse 3000SM, tube blocking is observed between 100 and 75 ppm. For Flosperse MAS, tube blocking is observed at 75-50 ppm and for MA-SMADS copolymer, tube blocking is observed at 50-25 ppm. Second stage; to determine the exact MIC of each inhibitors, dosage is set at 5 ppm in the respective inhibitor MIC range, At this dosage the tube blocking for Flosperse 3000SM is observed at 95 ppm so, the MIC for this inhibitor can be regarded as 100 ppm to resist brine water scale deposition for a period of 7 min. For Flosperse MAS it is observed at 60 ppm so, MIC can be regarded as 65 ppm to resist brine water scale deposition for a period of 55 min and for new MA-SMADS copolymer, tube blocking was observed at 50 ppm so, the MIC can be regarded as 55 ppm to resist the brine water scale deposition for a period of 77 min. So MA-SMADS copolymer is superior to commercial Flosperse MAS and Flosperse 3000SM polymer in terms of scale inhibition performance.
Conclusions
1. In this research, a potential new copolymer of maleic acid-sodium methallyl disulfonate was synthesized through aqueous solution free radical polymerization using sodium persulfate as an initiator. 2. Copolymer characterization was done with FTIR, HNMR spectrums and it is confirmed that the copolymer was formed. The average molecular weight of copolymer was determined with GPC 1050 g/mol and a free (residual) monomer level in final copolymer was measured with HPLC. 3. 30 ppm is the threshold value of MA-SMADS copolymer, when the dosage is 30 ppm or 30 mg/L the inhibition efficiency of barium sulfate reaches 98% and it is found that an excess dosage of copolymer is not required. 4. Barium sulfate scale inhibition efficiency, NaCl, temperature and effect on inhibition efficiency were studied through static bottle test. Sodium chloride concentration affects the inhibition efficiency of the inhibitor on barium sulfate scales but the polymer shows good performance under high salinity conditions. 5. Scale inhibition mechanism was studied through complexing, lattice and dispersion effect. As per SEM and XRD images, the diameters of barium sulfate scales formed at low dosage inhibitor is higher than under blank conditions. Therefore, adequate inhibitor dosage is required to prevent barium sulfate scale formation. 6. DSL test indicates: MA-SMADS copolymer is superior to the commercial scale inhibitor of Flosperse MAS and Flosperse 3000SM (AA/AMPS copolymer) in terms of scale inhibition performance under dynamic conditions.
